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Regulation of Drosophila Tracheal System
Development by Protein Kinase B
al., 1997; Dudek et al., 1997; Kauffmann-Zeh et al., 1997).
The significance of PI3K/PKB signaling in human can-
cer has been underscored by the finding that the tumor
Jing Jin,1,4 Norman Anthopoulos,1,4
Benjamin Wetsch,1 Richard C. Binari,1
Daniel D. Isaac,2 Deborah J. Andrew,2
James R. Woodgett,1 and Armen S. Manoukian1,3 suppressor gene PTEN/MMAC1/TEP1 antagonizes PI3K
function. PTEN dephosphorylates the D3 position of1 Divisions of Cellular and Molecular Biology
and Experimental Therapeutics phosphatidylinositol (3,4,5) triphosphate (or PI(3,4,5)P3),
the primary product of PI3K (Maehama and Dixon,Ontario Cancer Institute
University Health Network 1998). Mouse embryo fibroblast cells lacking PTEN ex-
hibit significant resistance to apoptosis-inducing cyto-Princess Margaret Hospital
Toronto, Ontario, M5G 2M9 toxic stress stimuli and contain constitutively phosphor-
ylated and thus active PKB (Stambolic et al., 1998).Canada
2 Department of Cell Biology and Anatomy Given the role of PKB in suppression of apoptosis
and tumor promotion, considerable effort has focusedJohns Hopkins University School of Medicine
Baltimore, Maryland 21205 on the identification of potential substrates for this ki-
nase. As an example, the apoptosis-associated protein
Bad can be phosphorylated and inactivated by PKB,
at least in certain cells (Datta et al., 1997). GlycogenSummary
synthetase kinase 3 (GSK-3) is also phosphorylated and
inhibited by PKB (Cross et al., 1995). To date, the mostProtein kinase B (PKB, also termed Akt) is a phosphati-
dylinositol 3 kinase (PI3K)-dependent enzyme impli- validated substrates for PKB are members of the Fork-
head-related (FKHR) family of transcription factors (Biggscated in survival signaling and human tumorigenesis.
To identify potential targets of this protein kinase, we et al., 1999; Brunet et al., 1999; Kops et al., 1999). The
FKHR proteins, which include Daf16, were first identifiedemployed a genetic screen in Drosophila. Among sev-
eral genes that genetically interacted with PKB was in a screen for suppressors of insulin receptor mutations
in C. elegans (Lin et al., 1997; Ogg et al., 1997). Directtrachealess (trh), which encodes a bHLH-PAS domain
transcription factor required for development of the phosphorylation of FKHR proteins by PKB promotes
their interaction with 14-3-3 proteins and subsequenttrachea and other tubular organs. Trh activates expres-
sion of the fibroblast growth factor receptor Breath- nuclear export. PKB phosphorylation thus denies ac-
cess of FKHR proteins to their target DNAs, which in-less, which, in turn, is required for directed migration
of all tracheal branches. Using a combination of bio- clude genes encoding proapoptotic proteins such as
Fas ligand (Brunet et al., 1999).chemical and transgenic approaches, we show that
direct phosphorylation of Trh by PKB at serine 665 is The PI3K/PTEN/PKB signaling pathway is conserved
in Drosophila (Leevers et al., 1996; Weinkove et al., 1999;essential for nuclear localization and functional activa-
tion of this regulator of branching morphogenesis. Huang et al., 1999; Goberdhan et al., 1999; Staveley
et al., 1998; Verdu et al., 1999; Scanga et al., 2000).
Drosophila PKB/Akt (Dakt1) has been linked to the regu-Introduction
lation of apoptosis and to the regulation of cell size
during larval growth (Staveley et al., 1998; Verdu et al.,Protein kinase B (PKB) is the cellular counterpart of a
weak oncogene (v-akt) and is activated by diverse stim- 1999; Scanga et al., 2000). We have designed a transhet-
erozygous screen to identify regulators and substratesuli including hypoxia, hyperosmolarity, and growth fac-
tors (reviewed in Datta et al., 1999). In resting cells, for PKB, as well as to uncover additional biological roles
for Dakt1 during Drosophila development. Using thisPKB is largely inactive and cytoplasmic. Following the
generation of 3-phosphorylated phosphatidylinositols genetic approach, we identified the Drosophila trachea-
less (trh) gene, which we have shown to be a substrateby phosphatidylinositol 3 kinase (PI3K), PKB is re-
cruited to the plasma membrane through interaction of for the Dakt1 protein kinase (Dakt1). Furthermore, we
show that Trh phosphorylation by Dakt1 is essential forits pleckstrin homology (PH) domain with these lipids
(Datta et al., 1995; Franke et al., 1997; Klippel et al., its function, thus linking Dakt1 to tissue morphogenesis
during early Drosophila development.1997). Subsequent phosphorylation of membrane-local-
ized PKB at two key residues confers lipid independence
and subsequent shuttling of the active enzyme to the Results
cytoplasm and nucleus (Franke et al., 1997; Datta et al.,
1995; Meier et al., 1997). In both tissue culture cells and A Genetic Screen for PKB/Akt Targets in Drosophila
transgenic mice, activated forms of PKB can rescue To identify genes involved in PKB/Akt function, we per-
cells from apoptosis in the presence of proapoptotic formed a screen to identify genetic enhancers of Dakt1
stimuli such as ionizing radiation, serum withdrawal, and (R.C.B., B.W., and A.S.M., unpublished data). We used
ectopic Myc expression (Kulik et al., 1997; Songyang et a kinase-dead allele of Dakt1 (Dakt1q) that in germline
clones (GLC) results in 100% embryonic lethality with
extensive evidence of cell death (Staveley et al., 1998).3 Correspondence: armenm@oci.utoronto.ca
4 These authors contributed equally to this work. However, zygotic homozygous Dakt1q embryos hatch
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Figure 1. Genetic Interactions between Dakt1
and trh
(A) Graphic representation of the percent le-
thality of embryos observed in Dakt1q trans-
heterozygous crosses. Genotypes of the
crosses are depicted on the left. The bar
graph is a diagrammatic representation of the
lethality observed in control embryos and in
Dakt1q/mutant transheterozygous embryos.
The number (n) of total embryos assayed from
each cross is also indicated.
(B–D) Cuticle preparations of wild-type (B),
p60A/; Dakt1q/ (C), and Dakt1q/trhP1747 (D)
larvae.
but die during early larval stages. For the screen, we oxygen to the animal (Isaac and Andrew, 1996; Wilk et
al., 1996). The trh gene encodes a transcription factortested the ability of P element-induced mutations to
(Trh) of the basic-helix-loop-helix (bHLH)-PAS family.cause synthetic embryonic lethality in Dakt1q heterozy-
During embryogenesis, Trh regulates trachea formationgotes (see Experimental Procedures). PI3K signaling has
by the transcriptional activation of downstream targetbeen shown to be upstream of Dakt1 in vivo (Scanga et
genes such as the Drosophila fibroblast growth factoral., 2000). In support of our genetic approach to finding
receptor breathless (btl; Wilk et al., 1996; Ohshiro andinteracting genes, the combination of a mutation in the
Saigo, 1997). Trh is also required for the formation ofDrosophila PI3K regulatory subunit (p60; Weinkove et
two other embryonic tubes, the salivary duct and theal., 1999) and Dakt1q (p60A/; Dakt1q/) resulted in le-
filzko¨rper, a tubular air filter attached to the posterior endthality (Figure 1A). The transheterozygous (p60A/;
of the trachea (Isaac and Andrew, 1996). Trh regulates itsDakt1q/) larvae also showed severe loss of cuticle (Fig-
own expression in the trachea by a positive feed-forwardure 1C), a phenotype reminiscent of both the Dakt1 GLC
mechanism (Wilk et al., 1996), but is not autoregulatoryphenotype and the phenotype generated by embryonic
in other tissues (D.D.I. and D.J.A., unpublished data).expression of a dominant-negative PI3K catalytic sub-
Consistent with its role in tracheogenesis, Trh is ex-unit (Scanga et al., 2000).
pressed in the embryonic precursor cells that give rise
to the entire tracheal system (Isaac and Andrew, 1996;
Genetic Interaction between trachealess Wilk et al., 1996; Figure 2A). These precursor cells first
and Dakt1/PKB appear as a series of ten ectodermal placodes along
Among the interacting mutations was a P element-induced each dorsal-lateral side of the embryo. Downstream tar-
lethal, P1747 (or l(3)10512), which generated synthetic get genes such as btl are also initially expressed in
embryonic lethality in combination with Dakt1q without this pattern (Figure 2B). These tracheal placodes then
causing cuticle defects (Figure 1D). P1747 is an allele invaginate to form tracheal pits en route to forming the
of the trachealess (trh) gene (Isaac and Andrew, 1996; entire tracheal tube network (Samakovlis et al., 1996).
Wilk et al., 1996). Homozygous trh mutant embryos do Further elaboration of the tracheal system is mediated
not show extensive cuticle phenotypes but completely by directed cell migration of subsets of tracheal precur-
sors into the various branches that ultimately contactfail to form trachea, the tubular network that delivers
Protein Kinase B Phosphorylates Trachealess
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Figure 2. Dakt1 Signaling Positively Regulates trachealess Function
Wild-type embryos showing the expression of Trh at stage 11 (A), btl transcripts at stage 11 (B), and tracheal structure visualized with MAb2A12
antibody at stage 16 (C). At stage 11, the tracheal placodes express both Trh and btl and are ten in number. The first placode is anterior-
ventral and the tenth placode is anterior-dorsal at this stage (and in our panels). In trh mutant (trh7J83) embryos, the expression of Trh at stage
11 (D), btl at stage 11 (E), and MAb2A12 antigen at stage 16 (F) is lost. Zygotic stage 11 Dakt1 mutant (Dakt1q/Df(3R)sbd45) embryo (G),
showing lower Trh levels as compared to wild-type (A). The expression of btl is also reduced in Dakt1 embryo at stage 11 (H). The first four
tracheal placodes show even lower expression of btl.
(I) MAb2A12 staining of stage 16 Dakt1 embryo showing only slight tracheal branching defects.
(J) PI3K regulatory subunit, p60 (p60A) zygotic mutants at stage 11 also show lower Trh levels.
(K) In p60 zygotic mutant (p60A/p60B) embryos, lower levels of btl transcripts are also observed.
(L) Transcription of btl in embryos expressing ectopic dominant-negative PI3K (Dp110D954) is almost completely repressed.
(M) The expression pattern of btl transcripts in a stage 11 dPTEN GLC embryo shows expansion of the btl transcription domain in all placodes.
Note the induction of an ectopic pit (arrow) in this embryo. Also, the first placode shows the most dramatic expansion of the btl transcription
domain.
(N) Expression of btl transcripts in stage 11 embryos overexpressing dPTEN (da GAL4, UAS dPTEN). The expression of btl in the first seven
placodes is repressed.
(O) The expression pattern of zygotic Dakt1 at stage 11 as assayed by detection of -gal protein in Dakt1P1627/ embryo.
and oxygenate internal tissues (Affolter and Shilo, 2000; mutant embryos were used for this analysis. We tested
two different alleles in different conditions, Dakt1q orFigure 2C). Trh is required for the earliest morphological
events of tracheogenesis, the formation of tracheal pits Dakt1P1627 (P element allele of Dakt1; Scanga et al., 2000)
homozygotes as well as Dakt1q or Dakt1P1627 over a defi-(Isaac and Andrew, 1996). The downstream target gene
btl is required for the subsequent migration of tracheal ciency chromosome (Df(3R)sbd45) lacking the entire lo-
cus (Staveley et al., 1998). Although combinations withcells into their various branches. In trh mutant embryos,
Trh protein (Figure 2D) and btl (Figure 2E) expression Dakt1P1627 gave much weaker results, we could not distin-
guish Dakt1q homozygous embryos from Dakt1q/Df(3R)are both lost and thus the entire tracheal system fails
to form (Figure 2F). sbd45 heterozygotes (data not shown). This suggests
that Dakt1q is a null allele. Loss of zygotic Dakt1 is notThe genetic interaction observed between trh and
Dakt1 prompted testing of the impact of a Dakt1 muta- embryonic lethal because the extensive maternal Dakt1
contribution is sufficient to meet the early embryoniction on tracheal development and Trh-dependent func-
tion(s) in the embryo. As Dakt1 GLC embryos result in requirements. However, Trh expression in these em-
bryos is significantly reduced (Figure 2G), and this corre-excessive apoptosis and disintegration of the embryo
(Staveley et al., 1998; Scanga et al., 2000), Dakt1 zygotic sponds to lower levels of btl transcription (Figure 2H).
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Figure 3. PKB Phosphorylates Trh at S665 In
Vitro
(A) Schematic representation of Trh structure
showing various protein domains as well as
S571 and S665.
(B) Sequence comparison of the two putative
PKB phosphorylation sites (S571 and S665)
in Trh.
(C) Phosphorylation of recombinant Trh by
PKB. HA-tagged wild-type or kinase-dead
(KD: K179A) PKB proteins were immunopre-
cipitated from 293 cells with () or without
() activation and incubated with wild-type or
mutant (S571A or S665A; the double mutant
S571A; S665A is denoted as AA) recombinant
Trh in the presence of [32P]ATP. Upper panel
is an autoradiographic image of 32P incorpo-
ration into Trh on SDS-PAGE. Lower panel is
the Coomassie staining of the recombinant
Trh proteins.
(D) Substrate specificity of Trh in comparison
to other PKB targets, such as Crosstide and
GST-GSK-3 in PKB kinase assay. The bot-
tom panel is the anti-HA immunoblot of HA-
tagged recombinant PKB used in each exper-
iment.
(E) In vitro kinase assay with immunoprecipi-
tated Dakt1 using either Trh or TrhS665A as sub-
strate and measuring the incorporation of 32P
by autoradiography. Note the reduced phos-
phorylation of the TrhS665A protein compared
to wild-type Trh.
(F) Kinase assay with 10 mU recombinant
Akt1/PKB (active or heat-inactivated, de-
noted as “” or “,” respectively) measuring
phosphate incorporation by either 32P autora-
diography (top panel) or immunoblotting with
Akt substrate phospho-specific antibodies
(second panel). The bottom two panels are
loading controls for Trh and PKB proteins
from the kinase reactions.
The effects on btl transcription were most pronounced placodes has also been observed in embryos express-
ing ectopic Trh (Wilk et al., 1996). In both cases (dPTENin the first four placodes (Figure 2H). Thus, despite the
embryonic viability of Dakt1 zygotic mutants, we ob- GLC and ectopic Trh expression), the effects are most
pronounced in the first four placodes (Figure 2M; Wilkserved defects in Trh-regulated activities, both in its
autoregulation and regulation of btl. Nonetheless, a rela- et al., 1996). By contrast, embryos expressing ectopic
dPTEN show reduced btl transcription (Figure 2N), withtively normal tracheal system forms in Dakt1 zygotic
mutant embryos (Figure 2I). Embryos lacking zygotic the first four placodes also being the most affected.
Besides masking the full contribution of zygotic Dakt1expression of the PI3K regulatory subunit p60 also
showed lower levels of both Trh (Figure 2J) and btl (Fig- expression in embryogenesis, maternal Dakt1 expres-
sion also masks the expression pattern of zygotic Dakt1.ure 2K). Ectopic expression of the dominant-negative
form of the catalytic subunit of PI3K (Dp110D954A) com- To circumvent this problem, we crossed wild-type fe-
males to males with a P element allele of Dakt1 (P1627)pletely repressed the transcription of btl (Figure 2L),
more closely matching the dramatic effects observed to generate embryos with only a zygotic P1627 contribu-
tion. As the P element inserted in the P1627 line alsoon btl transcription in trh mutant embryos (Figure 2E).
PTEN is a negative regulator of PKB (Stambolic et al., possesses a lacZ transgene under the control of endog-
enous Dakt1 promoter, we could assess the expression1998). In Drosophila, we have previously shown that
dPTEN is upstream of Dakt1 through genetic epistasis pattern of Dakt1 by staining for -galactosidase (-gal).
In these embryos, -gal was expressed in a Trh- orexperiments (Scanga et al., 2000). We therefore used
Drosophila PTEN (dPTEN) to modulate Dakt1 activity in btl-like pattern (Figure 2O). Zygotic Dakt1 is therefore
expressed in the vicinity of the tracheal pits and is re-embryos and followed the expression of btl to further
test the genetic interaction between trh and Dakt1. In quired for accumulation of wild-type levels of both Trh
and btl. Together, these data support a genetic interac-dPTEN GLC embryos, the btl expression pattern in each
placode expanded and an ectopic region of expression tion connecting Dakt1 signaling to Trh function in the
embryo. The genetic interaction between Dakt1 and trhwas induced (Figure 2M). Ectopic induction of tracheal
Protein Kinase B Phosphorylates Trachealess
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Figure 4. PKB Phosphorylates Trh at S665
In Vivo
(A) Two-dimensional (2D) electrophoretic
analysis (TLC at pH 1.9 and chromatography)
and autoradiography of tryptic digests of
phosphorylated Trh. Upper panels: Drosoph-
ila S2 cells were transfected with either wild-
type or S665A Flag-tagged Trh and metaboli-
cally labeled with 32P-phosphate. Trh proteins
isolated using anti-Flag immunoprecipitation
followed by SDS-PAGE purification were sub-
jected to tryptic digestion. Lower panels:
tryptic mapping of in vitro-labeled recombi-
nant Trh from the PKB kinase assays de-
picted in Figure 3C. The origin is marked by
an arrowhead.
(B) Phospho-amino acid mapping of phos-
phorylated Trh from S2 cells. The phospho-
peptide (marked) from (A) (upper left panel)
was partially digested in acid and subse-
quently electrophoretically separated in 2D
(pH 1.9 and pH 3.5, respectively). Phospho-
amino acids were visualized by autoradiog-
raphy.
(C) Phospho-specific Western blot analysis
of S665 phosphorylation of Trh. S2 cells were
transfected with Flag-tagged Trh or TrhS665A
and either treated with pervanadate () or left
untreated (). Anti-Flag immunoprecipita-
tions were analyzed by Western blotting with
either phospho-Akt substrate antibody (up-
per panel) or Flag antibody (lower panel).
is consistent with recent evidence that PI3K/PTEN/PKB S571 consensus does not (Obata et al., 2000; Yaffe et
signaling is linked to the function of mammalian bHLH- al., 2001). In addition, the level of Trh phosphorylation
PAS transcription factors, such as HIF-1 (Mazure et was comparable to those of other known PKB sub-
al., 1997; Zundel et al., 2000; Zhong et al., 2000). strates such as Crosstide and GST-GSK-3 (Cross et
al., 1995; Figure 3D). Endogenous Dakt1 immunopurified
from Schneider S2 cells also efficiently phosphorylatesTrachealess Is a Direct Substrate for Dakt1
Trh but not TrhS665A (Figure 3E). To demonstrate directTrh (Figure 3A) harbors two potential sites for PKB phos-
phosphorylation of Trh by PKB, we used recombinantphorylation (Figure 3B). To determine whether Trh is a
PKB protein (Upstate Biotechnology) in kinase assayssubstrate for PKB, we performed in vitro PKB kinase
with recombinant Trh proteins as substrates. Recombi-assays (Figure 3). Active bovine PKB immunoprecipi-
nant PKB phosphorylated recombinant Trh and TrhS571Atated from IGF-1-stimulated HEK-293 cells was incu-
but not TrhS665A (Figure 3F). Phosphorylation was deter-bated with various recombinant Trh (551–722) proteins,
mined by both autoradiography with 32P and by Westernincluding wild-type protein or protein in which either one
blotting with phospho-specific Akt substrate antibodiesor both of the two putative PKB phosphorylation sites
that recognize PKB consensus phosphoresidues (Cell(Figures 3A and 3B) were mutated to nonphosphorylata-
Signaling Technology; Figure 3F).ble alanine residues (S571A and/or S665A). Negative
To determine whether S665 of Trh is phosphorylatedcontrols were either kinase-dead PKB or PKB isolated
in cells, Schneider S2 cells expressing either wild-typefrom HEK-293 cells treated with the PI3K inhibitor
or S665A mutant Flag-tagged Trh were metabolicallyLY294002. Incubation of Trh with activated PKB in vitro
labeled with 32P-phosphate. Tryptic digests of Trh immu-resulted in Trh phosphorylation, but only when S665
nopurified from cell lysates were resolved by two-dimen-was not mutated (Figure 3C). The status of S571 did not
sional (2D) thin layer chromatography (TLC) and theblock Trh phosphorylation. These results suggest that
resulting 32P-phosphate-labeled peptide(s) were visual-Trh can be selectively phosphorylated by PKB at S665 in
ized by autoradiography. A major phosphopeptide pres-vitro. The sequence surrounding S665 matches recently
defined optimal substrate motifs for PKB, whereas the ent in wild-type Trh was completely absent in the S665A
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mutant (circled in Figure 4A). The differentially phos-
phorylated peptide comigrated with the major phospho-
peptide from digests of Trh incubated in vitro with
[-32P]ATP and PKB (Figure 4A). Pretreatment of the cells
with the PI3K inhibitor LY294002 significantly reduced
the intensity of this phosphopeptide (data not shown).
Phospho-amino acid analysis of the (circled) phospho-
peptide (Figure 4A) revealed only phosphoserine (Figure
4B). Western analysis of S2 cell lysates with phospho-
specific Akt substrate antibodies revealed phosphoryla-
tion of wild-type Trh, but not TrhS665A (Figure 4C). Again,
the phosphorylation of wild-type Trh was stimulated by
pervanadate and blocked with S665A mutation. To-
gether, these results strongly suggest that Trh can be
phosphorylated at residue S665 by PKB in vivo.
Regulation of Trachealess Activity by PKB
To assess the physiological role of Trh phosphorylation
by PKB, we monitored the transcriptional activity of Trh
in tissue culture cells. Trh requires heterodimerization
with Drosophila ARNT/Tango protein (Tgo) to bind and
transactivate the btl gene through its enhancer region,
which contains composite binding sites for the two pro-
teins (Ohshiro and Saigo, 1997). We used a luciferase
reporter under the control of the btl enhancer (B-123;
Ohshiro and Saigo, 1997) to test the importance of Trh
phosphorylation in cotransfection experiments using
Drosophila S2 cells. We compared the transactivation
potential of wild-type Trh, TrhS571A, TrhS665A, and Trh with
an aspartic acid substitution at S665, TrhS665D (as a phos-
phorylation site mimic). Wild-type Trh supported tran-
scription from B-123, whereas TrhS665A was inactive (Fig-
ure 5A). In contrast, the S571A mutation did not affect
Figure 5. PI3K/PKB Signaling Activates Trh Reporter Gene Tran-Trh activity (Figure 5A). TrhS665D induced transcription to
scription via Phosphorylation of S665 of Trh
levels equal to or greater than wild-type Trh (Figure 5A).
(A) Regulation of Trh activity in tissue culture cells. S2 cells were
The S665D mutation is an important control since it transiently cotransfected with control -gal and pGL3-B-123 re-
suggests that mutation at S665 does not grossly affect porter vectors with the addition of either control or Trh constructs.
Trh function and that the inactivity of TrhS665A is likely -Gal vector is a control and the pGL3-B-123 vector (containing the
luciferase gene) provides the reporter for the assay. Cell lysatesdue its being nonphosphorylatable. Coexpression of
were measured for luciferase activity 48 hr after transfection andTgo revealed synergistic activation of B-123 by Tgo and
the results are tabulated in the bar graphs indicated. Activities tabu-Trh. Again, TrhS665A was inactive while TrhS665D had a slight
lated in these bar graphs represent the ratio of luciferase/-gal
increase in activity over wild-type Trh (Figure 5B). The activities to normalize for transfection. Therefore, the units of activity
nonphosphorylatable TrhS665A mutant did not impair Tgo are arbitrary. The bottom panel is an anti-Flag immunoblot showing
function (which is presumably due to the binding of Tgo expression levels of wild-type and mutant Trh protein in each exper-
iment.to endogenous Trh-like proteins).
(B) Same experiment as in (A) except with the addition of plasmidWe next assessed Trh activity using the B-123 re-
directing the expression of Tgo.porter in cells overexpressing either bovine PKB or Dro-
(C) Transfection experiments performed in cells overexpressing ei-
sophila Dakt1. Presence of either PKB or Dakt1 elevated ther bovine PKB or Drosophila Dakt. The presence or absence of
wild-type Trh activity (Figure 5C). In contrast, neither PKB or Dakt1 is indicated by “” or “.” These results are denoted
ectopic PKB nor Dakt1 had an effect on TrhS665A or TrhS665D as bar graphs of relative luciferase activity.
(D) Similar assays were conducted in S2 cell lines with stable ex-activity (Figure 5C). TrhS665A was inactive irrespective of
pression of various Myc-tagged versions of the catalytic subunitPKB or Dakt1 overexpression, while TrhS665D displayed
of Drosophila PI3K (Dp110). The Dp110-CAAX mutation results inthe same (high) activity with or without PKB/Dakt1. We
constitutive activation of Dp110, whereas the kinase-dead Dp110
also tested the effects of overexpression of various (Dp110-KD) provides a negative control for the experiment. The
forms of the Drosophila PI3K catalytic subunit Dp110. presence or absence of Dp110 induction in each experiment is
Expression of wild-type Dp110 resulted in only a modest indicated by “” or “.” The inserted panel is the anti-Myc immu-
noblot showing relative levels of Dp110 proteins in the experiment.increase in Trh activity, whereas expression of an active
mutant of Dp110 (Dp110CAAX) resulted in a dramatic in-
crease in Trh activity. A kinase-dead mutant of Dp110
(Dp110KD) failed to induce Trh activity (Figure 5D). The TrhS665D was insensitive to changes in PI3K/PKB signal-
ing. These results support the hypothesis that the PI3K/induction of Trh activity by PI3K was completely masked
by point mutations of S665 (Figure 5D). TrhS665A resulted PKB pathway regulates Trh transcriptional activity via
PKB phosphorylation of S665.in loss of activity, whereas the constitutive activity of
Protein Kinase B Phosphorylates Trachealess
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Figure 6. Effects of Ectopic Expression of
Wild-Type and Mutant Trh on btl Tran-
scription
Expression of btl mRNA in stage 11 embryos.
(A) Expression of ectopic Trh using arm GAL4
(arm GAL4-UAS Trh) induces two ectopic do-
mains of btl expression marked by arrows (as
compared with wild-type in Figure 2B).
(B) Expression of ectopic TrhS665A does not
induce ectopic btl transcription domains.
(C) Expression of Trh in trh7J83 mutant back-
ground showing rescue of all btl expression
including the ectopic domains indicated by
arrows.
(D) Expression of TrhS665A in a trh7J83 mutant
background does not restore btl transcrip-
tion.
(E and F) Expression of ectopic Trh in a Dakt1q
mutant background fails to induce btl tran-
scription in ectopic domains ([F]; as com-
pared with [A]) indicated by arrows, whereas
ectopic TrhS665D is able to induce some ec-
topic btl transcription (F).
Trachealess Activity Requires the PKB Flag-tagged wild-type Trh and TrhS665A throughout em-
bryos and followed the localization of the Flag epitopePhosphorylation Sites In Vivo
Ubiquitous expression of Trh in embryos does not result using confocal microscopy. Wild-type Flag-Trh was lo-
calized to nuclei (Figure 7B), whereas Flag-TrhS665A failedin widespread expression of Trh-regulated genes or the
adoption of tracheal cell fates. Instead, only two addi- to accumulate to high levels in nuclei (Figure 7C). These
findings suggest that phosphorylation of S665 is re-tional domains of expression of Trh-regulated genes can
be induced (Wilk et al., 1996). One of these ectopic quired for efficient nuclear accumulation of Trh in em-
bryos and may thus be the molecular mechanism bytracheal placodes is located anterior to the first tracheal
placode and the second one is posterior to the last one which Trh is regulated by PKB. Consistent with this
hypothesis, the nuclear accumulation of ectopic Trh in(Figure 6A). This selective induction property provided
a means to test the functionality of the TrhS665A protein Dakt1 mutant embryos was compromised (Figure 7E)
when compared to the accumulation of ectopic Trh inin vivo. Unlike expression of wild-type Trh, ubiquitous
expression of nonphosphorylatable TrhS665A failed to in- wild-type embryos (Figure 7D).
duce ectopic tracheal placodes (Figure 6B). By contrast,
the TrhS665D phosphomimetic mutant was able to induce Discussion
ectopic tracheal placodes as judged by ectopic btl ex-
pression (data not shown). In trh mutant embryos, global
We have established a genetic system for studying PKB
expression of wild-type transgenic Trh rescued btl ex-
function in Drosophila (Staveley et al., 1998; Scanga et
pression (Figure 6C), whereas global expression of
al., 2000). With a large library of available Drosophila
transgenic TrhS665A did not (Figure 6D). Finally, in Dakt1
mutant stocks and a sequenced genome, Drosophila
mutant embryos, ectopic, wild-type Trh was unable to
provides an efficient and powerful genetic tool for the
induce the ectopic btl expression domains observed
elucidation of genetic and biochemical pathways. We
with ectopic expression of Trh in wild-type embryos
have applied these advantages in the study of PKB/Akt
(Figure 6E). However, the PKB-independent TrhS665D was
function and to identify genes that interact with PKB.
able to induce ectopic btl expression domains (albeit at
We expected two main benefits with this approach: the
low levels) in Dakt1 mutant embryos (Figure 6F). These
identification of components of the PKB/Dakt1 signaling
results therefore suggest that phosphorylation of Trh by
pathway and the implication of this protein kinase in
Dakt1 (on S665) is crucial for Trh activity in embryos,
additional biological functions.
further supporting the results of our in vitro tissue culture
experiments (Figure 5).
Trh Is a Substrate for PKB/Dakt1
The PKB/Akt screen identified several genetic inter-
actors of this protein kinase. Of these, we chose toNuclear Accumulation of Trachealess Requires
the PKB Phosphorylation Site characterize the interaction of PKB/Akt with Trh in
depth. Trh has a crucial role in the internalization ofTo test the subcellular localization of Trh, we introduced
a Flag epitope tag onto recombinant wild-type and mu- the primordia to form the tracheal sacs from which the
various branches of the trachea derive. Trh controlstant Trh and expressed these proteins in embryos using
the GAL4-UAS system (Brand et al., 1994). Both proteins this and related processes through the transcriptional
regulation of downstream target genes (Wilk et al., 1996;were efficiently expressed and translated in embryos
(Figure 7A). The wild-type Flag-Trh exhibited activity Isaac and Andrew, 1996). We have shown that the Trh
transcription factor is a direct substrate for PKB/Dakt1comparable to untagged Trh (Figure 6). We expressed
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Figure 7. Expression and Cellular Localiza-
tion of Wild-Type and Mutant Trh
Expression of Trh wild-type and S665A mu-
tant proteins in embryos.
Protein extracts from embryos collected from
wild-type (lane 1), arm GAL4 x UAS Trh-Flag
(lane 2), and arm GAL4 x UAS trhS665A-Flag
(lane 3) flies were immunoblotted with anti-
Flag M2 antibodies (A). Fluorescent-tagged
confocal imaging of optical sections of em-
bryos expressing Trh-Flag (B) or TrhS665A-Flag
(C) using anti-Flag M2 antibodies. While Trh-
Flag is localized to the nucleus (B), TrhS665A-
Flag is excluded from the nucleus (C). Confo-
cal imaging of Trh expression from arm GAL4
x UAS trh (arm-trh) in wild-type (D) or Dakt1q/
Df(3R)sbd45 embryos (E). Ectopic Trh from
arm-trh is nuclear in all cells of the wild-type
embryo (D). In the absence of zygotic Dakt1,
ectopic Trh from arm-trh is largely cyto-
plasmic (E). Note that the endogenous Trh
expression in arm-trh; Dakt1 embryos shows
some nuclear localization in vicinity of the
tracheal placodes (E). In (B–E), tracheal pits
are marked with arrowheads.
kinase and is selectively phosphorylated at S665. We skewed toward motifs also bound by 14-3-3 proteins
(Yaffe et al., 1997; Obata et al., 2000). These substrateshave also shown that this phosphorylation event is criti-
cal for Trh nuclear localization and for its function as a are also negatively regulated by PKB, whereas Trh is
positively regulated and does not contain 14-3-3 bindingtranscriptional coactivator. Further, we have shown that
loss of function of any of Dakt1, dPTEN, or PI3K (p60A) motifs. In the case of FKHR proteins, PKB phosphoryla-
tion leads to nuclear exclusion (Biggs et al., 1999; Brunetin Drosophila embryos results in aberrant Trh function
(Figure 2). The PI3K/PTEN/Dakt1 signaling pathway is et al., 1999; Datta et al., 1999; Obata et al., 2000), in
contrast to the case for Trh. Thus, Trh may representtherefore required for Trh activity and, consequently,
tracheal development. This signaling pathway is rele- another paradigm for regulation by PKB, raising the pos-
sibility of other bHLH-PAS domain proteins serving asvant for Trh function after the initial activation of trh
transcription by developmental cues governing the an- potential substrates for PKB.
terior-posterior and dorsal-ventral axes (Wilk et al., 1996;
Isaac and Andrew, 1996). As the initial developmental A Role for PKB in Branching Morphogenesis
In vertebrates, branching morphogenesis is a centralsignals regulating trh expression are transient, later
stages of tracheal expression are through autoregula- component of the development of tubular structures
such as lungs, vasculature, kidneys, and mammarytion (Wilk et al., 1996). Our results suggest the model
whereby PKB activity, as regulated by PI3K signaling, glands (Zelzer and Shilo, 2000). Tracheal development
in Drosophila has been shown to be a useful modelpositively regulates the nuclear localization of Trh via
phosphorylation of S665. This leads to the accumulation for studying the molecular and morphological aspect
of branching morphogenesis (Samakovlis et al., 1996;of Trh within the nucleus, thus promoting an autoregula-
tory loop, which requires phosphorylation to be main- Metzger and Krasnow, 1999; Zelzer and Shilo, 2000).
We have shown that PKB is involved in tracheal develop-tained. PKB regulation is important for Trh function, as
the effects of ectopic Trh expression are suppressed in ment through the regulation of the bHLH-PAS transcrip-
tion factor, Trh. It therefore follows that PKB may haveDakt1 mutant embryos (Figure 6E).
To date, a few direct phosphorylation targets of PKB similar role(s) during mammalian branching morphogen-
esis. During tumorigenesis, branching morphogenesishave been identified: Bad, GSK-3, and the FKHR tran-
scription factors (Datta et al., 1997; Cross et al., 1995; becomes important during the process of angiogenesis,
which is a prerequisite for tumor expansion (WesselingBrunet et al., 1999; Kops et al., 1999). Studying these
previously identified substrates of PKB suggested that et al., 1997). A role for PKB/Akt in angiogenesis has
been previously suggested (Dimmeler and Zeiher, 2000).PKB may have evolved a substrate selection that is
Protein Kinase B Phosphorylates Trachealess
825
in collection medicine cups containing apple juice agar platesOne provocative study proposed that the loss of PTEN
seeded with yeast paste. After timed collections, embryos wereleads to tumor expansion through ectopic activation
either fixed or plated for further aging. Embryos aged to completeof PKB/Akt and hypoxia-inducible factor 1 (HIF-1)-
embryogenesis were prepared for cuticle analysis by clearing in
regulated downstream target genes (Zundel et al., 2000). Hoyer’s medium at 65C overnight. To mark embryos, when possi-
Other studies have also linked PI3K/PKB signaling to ble, we used balancer chromosomes marked with lacZ. All experi-
ments were repeated at least three times. Fixed embryos were pro-the regulation of HIF-1 downstream target genes (Ma-
cessed for antibody or mRNA detection as previously describedzure et al., 1997). HIF-1 is a bHLH-PAS protein whose
(Manoukian, 1997). Antibodies used in this study were anti-Trh (Hen-levels are elevated in response to hypoxic stress and is
derson et al., 1999), MAb2A12 (Samakovlis et al., 1996), anti--structurally similar to Trh (Isaac and Andrew, 1996). As
galactosidase (Roche), and anti-Flag (Sigma-Aldrich). When being
human HIF-1 expression can induce btl transcription compared, embryos from different genotypes were carried through
and tracheal structures in Drosophila embryos (Zelzer et the staining procedure at the same time using the same conditions.
al., 1997), it follows that Trh and HIF-1 are functionally
conserved. Our study therefore suggests the mecha- Plasmid Constructions
The vectors encoding the HA-tagged forms of PKB (bovine PKB),nism whereby PKB/Akt regulates the expression of
wild-type or kinase-dead (K179A) in expression vector pcDNA3genes required for angiogenesis through direct phos-
(Invitrogen) or pPAC3 (D-actin promoter) have been describedphorylation of HIF-1 or a related Trh homolog. Several
(Stambolic et al., 1998; Staveley et al., 1998). Myc-tagged Dp110hypoxic response bHLH-PAS factors have been postu-
(wild-type, kinase-dead, and CAAX box fusion) and the sequence
lated to harbor PKB/Akt consensus phosphorylation encoding -galactosidase in pPAC3 vector have also been de-
sites (Datta et al., 1999). Identification of a human bHLH- scribed previously (Ruel et al., 1999). Full-length tgo cDNA and the
regulatory sequence for btl were kind gifts from Dr. K. Saigo. S571A,PAS factor analogous to Trh may provide a valuable
S665A, and S665D mutations of trh were made via pAlter-1 single-target for intervention of the angiogenic response in
strand DNA mutagenesis approach (Promega) with primers 5-ATGtumors harboring an activated PI3K/PTEN/PKB signal-
CGAGGCGGCTGCAGCGCGCCCCCTGCCGCGGTGGGA-3, 5-AGGing axis.
GCTGCTCATCCACGATCGCGGGTAAGCGGCTGCG-3, and 5-AGG
GCTGCTCATCCACGATATCGGGTAAGCGGCTGCG-3, respectively.
Experimental Procedures
BamHI/EcoRI fragments of trh cDNA (both wild-type and mutants)
were cloned into pPAC3 vector in-frame with an N-terminal Flag-
Fly Strains and Genetic Crosses
tagged sequence that can be recognized by the M2 anti-Flag anti-
The trh7J83, trhP1747, Dakt1q, Dakt1P1627, dPTENCX94, p60A, and p60B mu-
body (Sigma). Recombinant trh proteins (wild-type and mutants)
tants have all been previously described (Huang et al., 1999; Isaac
were produced using the pET30c vector (Novagen) as 6 histidine
and Andrew, 1996; Scanga et al., 2000; Staveley et al., 1998; Wein-
fusion proteins and were purified from bacterial BL21 DE3 cells.
kove et al., 1999; Wilk et al., 1996). UAS Flag-Trh, UAS Flag-TrhS665A,
Due to the poor solubility of the full-length trh proteins, recombinant
and UAS Flag-TrhS665D lines were established for this study. Ectopic
trh proteins analyzed in kinase assays (in vitro) were expressed from
expression of dPTEN in embryos was done using arm GAL4 and
deletion constructs encoding the amino acid sequence 551–722 of
UAS dPTEN (Scanga et al., 2000). For experiments with Dakt1q, the
the trh gene. The btl luciferase reporter construct was made by
strain w; FRT 2A FRT 82Dakt1q/TM3, Sb, P eve lacZ was generated
cloning the minimal btl promoter, B-123 (Ohshiro and Saigo, 1997),
to produce marked embryos. For the analysis of UAS trh, UAS
into the pGL3-basic-luciferase vector (Promega). Wild-type, S665A,
trhS665A and UAS trhS665D, no less than three independent P element-
and S665D Flag-tagged Trh cDNAs (mentioned above) were cloned
transformed lines were established and crossed to arm GAL4 for
into the pUAST P element transformation vector (Brand et al., 1994)
expression. For the rescue of trh7J83 mutant, w; arm GAL4; trh7J83/
and used for P element transformation.
TM3 females were crossed to either w; UAS trh; trh7J83/TM3 or w; UAS
trhS665A; trh7J83/TM3 males. For the overexpression of Trh proteins in
In Vitro Kinase Assay and Tryptic and Phospho-Aminoa Dakt1 mutant background, w; arm GAL4; FRT 2A FRT 82 Dakt1q/
Acid MappingTM3 females were crossed to either w; UAS trh; FRT 2A FRT 82
Recombinant trachealess proteins, wild-type and mutants, were ex-Dakt1q/ or w; UAS trhS665D; FRT 2A FRT 82 Dakt1q/ males.
pressed in bacteria strain BL21 DE3 and purified from Ni2 resinFor the genetic screen, heterozygous Dakt1q/ virgin females
(Qiagen) as 6 histidine fusion proteins (Novagen protocol). Fivewere crossed to males from a single P element-induced mutant
micrograms of each recombinant protein was subjected to in vitrostock (outcrossed to wild-type) that did not contain a Dakt1q muta-
PKB kinase assays as described (Staveley et al., 1998). The reactiontion. Embryos from these “test” crosses were collected in vials for
products were resolved by SDS-PAGE (8%) followed by protein8–10 hr at 25C and transferred to fresh apple juice agar media
staining, and the 32P-labeled proteins were visualized by autoradiog-plates overnight at 25C. The percent lethality of embryos was then
raphy. The integrity and expression levels of all recombinant proteinsscored following a further 24 hr period. Assuming random and nonbi-
in this study were assayed by either Western blot analysis or Coo-ased segregation of the chromosomes, 25% of the embryos from
massie staining. Recombinant PKB was heat inactivated by incuba-this cross will be heterozygous for the two mutations at different
tion at 70C for 10 min. Wild-type and kinase-dead HA-PKB proteinslocations in trans (transheterozygotes). Since the mothers in this
were purified by anti-HA immunoprecipitation from expressing HEK-cross are Dakt1q heterozygotes, the Dakt1q heterozygous embryos
293 cells treated with IGF-1 or buffer control prior to lysis. Endoge-from the test crosses lack half of the wild-type levels of both zygotic
nous Dakt1 was immunoprecipitated from S2 cells with Dakt1 anti-and maternal Dakt1 kinase activity. If the gene product (disrupted
bodies.by the P element mutation) has a role in Dakt1 signaling, the loss
Schneider S2 cells were transfected with Flag-tagged versions ofof half of both the zygotically and maternally derived Dakt1 kinase
either wild-type or S665A trh. Prior to lysis, the cells were maintainedactivity combined with the loss of half of the normal zygotic expres-
in culture medium containing 1 mCi/ml ortho-32P and 10% fetalsion of the P element-induced mutation may result in embryonic
bovine serum (FBS) for 4 hr. trh proteins (Trh) were purified usinglethality. For interaction with p60, both alleles were tested (p60A
anti-Flag immunoprecipitation followed by resolution on SDS-PAGE.and p60B). In addition to testing p60A homozygote embryos, we
Trh bands (also those from in vitro PKB kinase assay of recombinantalso tested p60A/p60B embryos. To confirm the interaction with trh,
Trh) were excised and digested with 40 	g of trypsin (Promegawe also tested two EMS-induced alleles of trh (7J83 and 5D55) for
sequencing grade modified). The resulting peptides from the trypticinteraction with Dakt1q.
digestion were subsequently resolved on 2D TLC plates (Merck) by
electrophoresis (pH 1.9; 30 min at 1 kV) in the first dimension, and byAnalysis of Embryonic Phenotypes
TLC with n-butanol:pyridine:acetic acid:deionized water (39:30:6:24)Populations of Drosophila used for embryo collections were gener-
ated by combining 150 females with 50 males of specific genotypes on the second dimension. The 32P-phosphopeptide(s) was visualized
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by autoradiography. Phospho-amino acid mapping of the phospho- regulation of the Akt proto-oncogene product by phosphatidylinosi-
tol-3,4-bisphosphate. Science 275, 665–668.peptide was carried out with partial acidic digestion (6 N HCl at
105C for 1 hr) followed by 2D electrophoresis (pH 1.9, 30 min at Goberdhan, D.C., Paricio, N., Goodman, E.C., Mlodzik, M., and Wil-
1.5 kV and pH 3.5, 16 min at 1.3 kV, respectively). The position of son, C. (1999). Drosophila tumor suppressor PTEN controls cell
the amino acids was determined by comigration of cold phospho- size and number by antagonizing the Chico/PI3-kinase signaling
amino acids (Ser/Thr/Tyr) on the TLC plate. The 32P-phospho-amino pathway. Genes Dev. 13, 3244–3258.
acids from Trh were then visualized by autoradiography.
Henderson, K.D., Isaac, D.D., and Andrew, D.J. (1999). Cell fate
specification in the Drosophila salivary gland: the integration of ho-Transfections and Luciferase Assays
meotic gene function with the DPP signaling cascade. Dev. Biol.Drosophila embryonic derivative Schneider S2 cells were seeded
205, 10–21.in 12-well plates at a density of 106 cells per well. In the presence
Huang, H., Potter, C.J., Tao, W., Li, D.M., Brogiolo, W., Hafen, E.,of 10% FBS, a moderate level of PI3K/PKB signaling was provided
Sun, H., and Xu, T. (1999). PTEN affects cell size, cell proliferationto the cells. Each well was cotransfected with 1	g each of luciferase
and apoptosis during Drosophila eye development. Developmentreporter plasmid, expression constructs for various cDNAs (combi-
126, 5365–5372.nations of wild-type or mutant trh, tgo, Dakt1, PKB, and Dp110
genes), or carrier plasmid, and 0.5	g of the pPAC-LacZ standardiza- Isaac, D.D., and Andrew, D.J. (1996). Tubulogenesis in Drosophila:
tion construct. Two days after transfection, luciferase assays of cell a requirement for the trachealess gene product. Genes Dev. 10,
lysates were carried out using the Promega luciferase assay kit and 103–117.
a Berthold luminometer. Activity was normalized to -galactosidase
Kauffmann-Zeh, A., Rodriguez-Viciana, P., Ulrich, E., Gilbert, C.,activity and plotted as the mean 
 standard deviation of triplicates
Coffer, P., Downward, J., and Evan, G. (1997). Suppression of c-Myc-from a representative experiment.
induced apoptosis by Ras signalling through PI(3)K and PKB. Nature
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